Considerable nitrate (NO 3 -) contamination of underlying aquifers is associated with greenhouse vegetable production in Almeria, Spain. Eighty percent of cropping occurs in soil, the rest in "open" hydroponic systems. To identify the management factors associated with NO 3 -leaching loss from soil-based cropping, a survey of irrigation and N management practices was conducted on commercial farms, and a field study was conducted using lysimeters. The survey of management practices showed that N and irrigation management were based mostly on experience. Approximately one third of greenhouses were clearly applying total irrigation volumes during the growing season that were in excess of crop water requirements. In the first six weeks after transplanting, excessive volumes were applied in most greenhouses. All farmers routinely used large irrigations during the non-cropping period to apply soil disinfectant, to wet the soil profile before transplanting a new crop, and to leach salts. N supplied by sources other than mineral N fertiliser such as manure or soil mineral N was seldom considered when developing N fertiliser plans. Very large applications of manure had been applied in most greenhouses. In the field study, appreciable NO 3 -leaching occurred following large irrigations given for soil management purposes and in the first three weeks of the crops as a result of large pre-transplant irrigations and frequent irrigation just after transplanting. NO 3 -concentration in drainage was generally 6-12 mmol L -1
INTRODUCTION
Approximately 25.000 ha of plastic greenhouses are used for intensive horticultural production in the coastal region of Almería, in south-eastern Spain. Several thousand more hectares of greenhouses are located in adjoining coastal regions. The area of greenhouses has developed rapidly since the industry was established in the early 1970s. The major crops grown are tomato (Lycopersicon esculentum Mill.), pepper (Capsicum annuum L.), melon (Cucumis melo L.), watermelon (Citrullus lanatus Matsun and Nakai), cucumber (Cucumis sativus L.), eggplant (Solanum melongena L.), zucchini (Cucurbita pepo L.), and green beans (Phaseolus vulgaris L.). Eighty percent of cropping occurs in soil, the other 20% in "open" hydroponic systems. Most of the soil used is an artificial soil system ("enarenado"), in which 0.2-0.3 m of loam soil, transported from a nearby quarry, is placed over the indigenous stony soil, and 0.08-0.12 m of coarse sand mulch is placed over the imported loam soil. In some cases, the sand mulch is placed over the indigenous soil. Drip irrigation with fertigation is used. A notable feature of this industry is the very active role of advisors who are employed by (i) the co-operatives and auction houses that market the farmers' produce, and (ii) the local suppliers of farm products. These advisors act as a source of accumulated local knowledge.
Underlying aquifers have substantial concentrations of nitrate (NO 3 -) (Jiménez et. al., 1996) , suggesting contamination from the horticultural industry. Most of the areas where the greenhouses are located have been classified as Nitrate Vulnerable Zones in accordance with the European Union Directive 91/676/CEE.
For soil-based cropping which represents 80% of the greenhouse surface area, there are very few data available describing NO 3 -leaching loss, and very few data identifying the factors responsible for NO 3 -leaching loss. We report here the results of studies which evaluated nitrogen (N) and irrigation management practice, and which measured NO 3 -leaching loss. A survey of commercial farms was conducted to identify management practices likely to contribute to NO 3 -leaching. In a field study, NO 3 -leaching was measured during a cropping sequence. A synthesis of results from these studies identified the management factors mostly responsible for the NO 3 -leaching loss from soil-based cropping, in this agricultural system.
MATERIALS AND METHODS

Survey of Commercial Greenhouse
Initially, 67 greenhouses were surveyed, but 14 were subsequently excluded because of problems with crops and co-operation. Hence, results are based on 53 usable responses. At least 4 greenhouses were initially selected, for each of the 8 major vegetable crops, and the numbers for each crop reflected their distribution within the local industry. Participating farmers were interviewed to complete a questionnaire of irrigation and N management practices. The farmers kept detailed record of irrigations which were used to calculate both (i) the total volume of irrigation water applied and (ii) the time course of irrigation applications. A mathematical model (PrHo) developed to calculate crop water requirements (as ETc) for greenhouse crops in Almeria (Cajamar, 2001) , using solar radiation and temperature data (Fernandez et al., 2000) , was used to calculate irrigation requirements for each farm. The applied volumes were compared to the predicted requirements to assess the adequacy of irrigation practices on each farm. Additionally, at the end of each crop, the soil was sampled to measure residual soil ammonium N (NH 4 + -N) and NO 3 --N (presented in Thompson et al, 2002) .
Field Study
Nitrate leaching was measured in a greenhouse at the Cajamar "Las Palmerillas" Research Station", El Ejido, in Almeria province in Spain during a bell pepper-bell pepper cropping sequence from 30 May 2003 to 2 January 2004. The greenhouse had an "enarenado" artificial soil (described previously) consisting of 0.1 m of coarse sand mulch over 0.25 m of clay loam soil, imported from a quarry, over the naturally occurring silt-loam soil. Drip irrigation (above-ground tape) was used; with each emitter (2.7 L h -1 ) supplying water to an adjacent plant located 0.1 m to the side of the dripper. Nutrients were applied through fertigation, generally in each irrigation.
Two free-draining, re-packed lysimeters (4 m long x 2 m wide x 0.6 m deep) were located in the southern side of each greenhouse. The lysimeters were constructed by removing soil to 0.6-0.7 m, forming a shallow "V" at the bottom with a slope to facilitate drainage, and placing 1-mm thick butyl rubber on the bottom; the soil was then carefully re-packed, preserving the soil layers. The lysimeters were formed in 1995 at the same time as the artificial soil was formed, and the greenhouse constructed. Drainage was collected from the lysimeters daily during the growing season. During the summer noncropping period, drainage was collected, after applications of water, until drainage ceased. When daily drainage volumes were >0.5 mm, the daily samples were analysed for NO 3 -; Otherwise, daily samples were refrigerated and then bulked to form a weekly composite sample. All data pertaining to the lysimeters are means of two replicates.
Lysimeter drainage was followed during the summer non-cropping period ( (1,270 kg N ha -1 ) was applied on 11 June, followed by a 40-mm irrigation on 30 June to stimulate manure decomposition. On 9 and 10 July, a total of 13 mm was applied in an acid treatment to clean the irrigation system and in an irrigation to measure the uniformity of application. To ensure that the soil profile was moist for transplanting on 25 July, 30 mm were applied during the 4 days immediately prior to transplanting. The crop was removed on 22 August because of a virus infection. Prior to transplanting the second pepper crop on 25 August, 22 mm were applied during 4 days. Irrigation water, without nutrient addition, was applied in all irrigations during non-cropping periods and in the first 2 weeks of each crop. Otherwise, 10-12 mmol L -1 of NO 3 -and 1-2 mmol L -1 of NH 4
+ were generally applied.
RESULTS
Survey
In 87% of the greenhouses surveyed, irrigation was solely based on the farmer's personal experience and/or the advice of local technical advisors. In 13%, tensiometers were also used. The evaluation of the adequacy of the total amounts of irrigation applied during cropping, using the PrHo model of ETc, was evaluated with criteria tolerance of +/-50% to allow for errors associated with the fact that the use of the model did not consider the addition/removal of whitewash to/from the greenhouses, and that the irrigation volumes applied were calculated (based on records of irrigation times) rather than measured. Sixty-eight percent of farmers applied total volumes within these limits, and 32% applied >150% ETc which was considered to be excessive. Evaluation of the application of irrigation over time suggested that in 77% of greenhouses, irrigation was applied in excess of ETc during the first 6 weeks after transplanting.
Large irrigations were commonly made for soil management purposes during the summer non-cropping period. Ninety eight percent applied irrigations to leach salts, 92% applied these before the crop, where these irrigations also serve to moisten the profile immediately prior to transplanting, and 34% applied an additional salt leaching irrigation after the crop. In 60%, volumes applied to leach salts were >30 mm, and in 37% were >60 mm. Forty-three percent of the greenhouses had been recently disinfected, all using chemical disinfection applied with water. In 52% of the greenhouses, the volumes applied for disinfection were >40 mm, and in 12% were >60 mm.
Nitrogen fertiliser management was based on the recommendations of advisors in 92% of greenhouses. In 81%, N fertiliser management involved the application of standard nutrient solutions or the use of fixed schedules. Soil analysis was only used in 19% of greenhouses, and none had used plant analysis with the crops being surveyed. Only 26% considered the N content in manure applications (see later data on manure applications). Of the N applied in fertigation, it was estimated on average that only 6% was derived from the irrigation water, the rest from mineral N fertiliser. On average, 75% of the N applied as mineral fertiliser was in the form of NO 3 -. In 98% of greenhouses, manure was applied at greenhouse construction. In 80% of greenhouses, the amounts applied at construction were >200 m 3 ha -1 , and in 70% were >400 m 3 ha -1 . Assuming (a) 65% dry matter content, (b) that 1 m 3 ha -1 corresponds to 1 tonne ha -1 , and (c) the manure had 1.8% N, (these assumptions based on various local manure samples), these rates of manure addition, corresponded to N application rates of 2,300 and 4,600 kg N ha -1 , respectively. Twenty-four percent of the greenhouses were <5 years old, and 47% were <10 years old. Sixty-eight percent of the greenhouses had received periodic manure applications every 2 to 5 years after construction. The rates of periodic manure application were >50 m 3 ha -1 in 85% of the greenhouses receiving periodic manure additions, and >150 m 3 ha -1 in 55%. The corresponding N application rates, using the previously described assumptions, were 585 and 1755 kg N ha -1 .
Field Study
Most of the drainage collected in the lysimeters occurred within three distinct periods in late June, mid-July to early August, and late August to early September (Fig.  1) . These three periods corresponded to (i) the irrigation given after the manure application, (ii) the irrigations associated with the establishment of the first pepper crop, and (iii) the irrigations associated with establishment of the second pepper crop. During the entire study period, the NO 3 -concentration in lysimeter drainage was generally 6-12 mmol L -1 (Fig. 2) . The cumulative NO 3 -leaching loss (Fig. 3) followed the same pattern as cumulative drainage, with most of the NO 3 -leaching loss being concentrated within the same three periods described previously.
DISCUSSION
The survey of management practices confirmed that irrigation and N management practices were largely based on experience. The evaluation of total irrigation volumes on commercial farms indicated that during the cropping period, the majority of farmers were not applying total volumes considerably in excess of ETc. However, most were applying more than ETc during the first 6 weeks after transplanting. This is consistent with the local practice of applying frequent irrigations in the period immediately after transplanting to ensure the survival of the seedlings, which are often transplanted in periods of high evaporative demand e.g. during the months of August and September. The survey showed that all farmers routinely use large irrigations during the non-cropping period to apply chemical soil disinfectants, to wet the soil profile before transplanting a new crop, and to leach salts.
The survey also showed that N management was almost completely based on the use of fixed concentrations or schedules, that little soil testing is used, and that other sources of N such as manure or soil mineral N were generally not considered. Substantial applications of manure were usually applied at greenhouse construction, and were commonly applied in subsequent periodic applications.
In the field study, NO 3 -leaching closely followed drainage. The NO 3 -concentration in lysimeter drainage was consistently within the range 6 to 12 mmol L -1 , both in the periods with crops, and in the non-cropping periods. During the periods when most of the NO 3 -leaching occurred -soil management irrigations and during crop establishment, most of the water applied was without nutrient addition. The large manure application made in summer non-cropping period, in the greenhouse used for the field study, is likely to have contributed to these elevated concentrations of NO 3 -in drainage. However, in another greenhouse where NO 3 -leaching was measured during a melon -no crop -tomato cropping sequence, large NO 3 -leaching losses occurred from applications of water (no nutrient addition) during the summer non-cropping period and subsequently during crop establishment, despite that no manure had been applied for two years (R. Thompson, unpublished data). The manures in the area generally have relatively low N contents of approximately 1.8% N, and so are unlikely to release large amounts of N shortly after application. It is more likely that they will mineralise N more slowly over prolonged periods of time. We suggest that these soils have a high potential for NO 3 -leaching loss, through the mineralisation of organic N (mostly originated from manure) and from the accumulation of mineral N ( Thompson et al., 2002) . The large manure applications used in this system are likely to give the soils a high and prolonged N mineralisation potential.
A synthesis of results from these studies suggests mineralisation of organic N from previous large manure applications and/or accumulation of soil mineral N during cropping appear to create a high potential for NO 3 -leaching loss, and that irrigations during the non-cropping period and in the early phase of the crop are mostly responsible for considerable NO 3 -leaching loss. Fig. 3 . Nitrate leaching loss during cropping sequence followed in the field study.
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